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Foot and mouth disease 

 - FMD is a highly contagious viral infection primarily of cloven-
hoofed domestic and wild animals (e.g. cattle, domestic buffalo, 
pigs, sheep, goats and many wildlife animal species). The disease 
is caused by an aphthovirus and characterised by vesicles, with 
subsequent erosions in the mouth and also on the muzzle, feet, 
or teats. 

 
 - Although seldom lethal in adult animals, it causes serious 

production losses and, in young stock, particularly lambs and 
piglets, it can result in high mortality rates.  

 

 -Seven serotypes (A, O, C, Asia1, SAT1,2,3). Animals that have 
recovered from infection with one serotype remain fully 
susceptible to the other six.  



FMD status 





=> Change in funding strategy 

Endemic regions (production losses and vaccination): between US$6.5 and 21 billion year  
Outbreaks in FMD free countries and zones cause losses of >US$1.5 billion a year. 

(Knight-jones and Ruston  2013) 



FMD vaccines 

Commercial vaccines 
 

Preparations of tissue culture-derived, inactivated, purified virions  
in a formulation containing adjuvants 
 
To eradicate or stop an outbreak 
 
Selection of vaccine strains need to be tailored to the region 
 
Short duration of protection => regular boost 
 
Do not prevent “persistence”  
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 Persistent infection and the carrier state 

• Animal from which the FMDV can be recovered from a 
pharyngeal sample for more than 28 days post infection.  

 (non cornified cells/soft palate) 
 
• up to 50% of ruminant animals become persistently infected 

after clinical recovery 
 
• This persistent infection, or carrier state, occurs irrespective of 

the immune status of the animal.  



Sheep 

Immunohistochemical detection of persistent FMDV in 
nasopharyngeal mucosa ( Pacheco et al, 2015) 





 

• Maximum recorded duration of carrier state 
  

•Cattle   3.5 years  
(Usually about one year) 

 
•Sheep   9 months 

(Usually between 1 and 5 months) 
 
•Goat   4 months 
 
•African buffalo  5 years 
 
•Water buffalo  ? 

 
 

FMD Carriers 



Aims 
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  To identify innate immune gene signatures that are associated with long term antibody responses in 
sheep to define molecular targets for the development of new adjuvants and vaccines. 

  To identify factors within pathogen and host gene signatures associated with FMDV infection and 
persistence that can be targeted to prevent persistent infection with FMDV 

  To develop novel viral vectored vaccines that could enhance the adaptive and local immune response 
against FMDV 

Coordinators (ANSES/INRA):  
 Stephan Zientara 
 Labib Bakkali-Kassimi 
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Early immune responses against FMDV  

in primary sites of replication and persistence  

Host Innate immune response against FMDV in a model  
of persistently infected cell lines 

Task 2.1 

Task 2.2 

Microarray analyses 

MDBK, 
MDOK 
cells 

FMDV serotype O 
strain O/FRA/1/2001  

Infection 

Persistently 
Infected cells  

 
Full Genome 

 analysis 
 (NGS) 

 Recovery of 
Persistent FMD viruses (FMDVp)  

Host cell gene 
expression in response 

to persistent FMDV 
infection in MDBK and 

MDOK cells? RT-qPCR custom arrays 

+ 

Mutations 
linked to 

persistence? 

Fitness  
study  

Collection of  SP, rMF & 
PBMC and Development 
of in vitro models of SP 

(sheep &cattle) 

FMDV serotype O 
strain O/FRA/1/2001  

Infection of 
SP & rMF 

SP kept up to 4 weeks 
(persistent infection of SP?) * 

Cocultivation SP & rMF 
or sorted PBMC 

(monocytes/NK cells) 

FMDV infected SP & rMF  
 

Early immune 
events at host 

level 
pertaining 

persistence in 
target cells  

 Quantification of FMD replication 
   
  Cytokine expression analysis  

Transcriptomics analysis 

Transcriptomics analysis 

Complete mapping of secreted 
proteins (proteomics) 

+ 

* If recovered from SP, persistent viruses will be studied and sequenced in Task 2.2(SVA/ANSES/FLI) 

* * 

* * * * Transcriptomics results obtained in Task 2.1 and 2..2 will be compared 



Background: FMDV in cattle 
 
 
 
 

-1˚ replication: dorsal nasopharynx/dorsal soft palate (SP), non-cornified stratified squamous 
epithelium over lymphoid tissue (mucosa associated, MALT) 

 
 

 
 
 
-Onset of viremia: viral load ↓in soft palate/ ↑in lung (replication in pneumocytes) 
Artz et al Vet Pathol 2010  
 

-Viremia: Hematogenous spread via lungs (+lymph nodes in head/ lung?) 
 
 
 
 
  
                From: Alexandersen et al  
                 Microbes and Inf 2002 
 

-2˚ replication: cornified squamous epithelium of non-haired skin and mouth (eg. interdigital 
cleft skin, coronary band, tongue epithelium) Alexandersen et al Microbes and Inf 2002, Zhu et al PLoS ONE 2013 

 

 
 
        
 
 
                      
                 Natural FMDV, DR of Congo 

Nasal/Oral FMDV →                 No CPE/vesicle formation 
   Antibodies do not prevent infection  

← bloodborne FMDV 
CPE/vesicle formation 
Circulating antibodies prevent replication 



Hypotheses for mechanisms of persistence: 
 

Virus modifications  
- in vitro: (e.g. BHK-21; IBRS2; Bov pharynx): CPE↓, virulence↑ in naïve cells of same type, 

virulence ↓  in other cell type and cattle, lack of using integrins as receptor, changes in 
genes coding for VP1 and NS proteins De la Torre et al J Virol 1988, Huang et al Virol J 2011, Zhang et al Vet Microbiol 2013, O’Donnell 

et al Virology 2014 
 

- in vivo: genetic change leading to escape of neutralising antibodies Gebauer et al J Vir 1988 Changes in 
VP2 Horsington & Zhang Vir Res 2007 

 

Cell modifications 
- in vitro: resistant to superinfection of FMDV but not other viruses De la Torre et al Virology 1985, O’Donnell et al 

Virology 2014 rounder, less inhibited by contact, grow faster De la Torre et al J Virol 1988 

 

Suppression of antiviral interferons and other cytokines 
- in vivo: Genes coding for Type I interferons less expressed in dorsal SP/nasopharynx 

compared to lungs Zhu et al PLoS ONE 2013  

 

- in vitro: Persistently infected bovine pharynx cells had suppressed expression of IFNα, IL-1β, 
IL-2, IL-12, IL-15, INOS, IP10, compared to acutely infected cells O’Donnell et al Virology 2014 

 

Escape of host cellular lysis mechanisms 
- in vivo: weak T cell proliferation responses in buffalo Maddur et al CVI 2009  Carrier cattle CD4+T cells 

produce less IFNγ Oh et al PLoS ONE 2012 Genes coding for TNF superfamily (apoptosis/necrosis) less 
expressed in dorsal soft palate/nasopharynx compared to lungs Zhu et al PLoS ONE 2013 

 
 



Transcriptovac 2.1 
 

Objectives 
=>Understand mechanisms involved in FMDV persistence 
=>Potential improvement => diagnostic, treatment and 
vaccine 
 
Tasks 2.1 
 Isolate and grow SP epithelial cells at the air interface, pneumocytes 

and bronchoalveolar macrophages  
 

 Comparison of innate immune response to FMDV infection:  
 Soft palate epithelial cells (SP) (R and P) 
 Alveolar pneumocytes  (AP) (R, NP) 
 Bronchoalveolar macrophages (rMФ) (NR/R?, NP) 

 

 Identify inflammatory /innate immune responses after coculture 
between FMDV infected SP and AP with natural killer cells and 
monocytes 

 

 Get a more global picture of the early immune events by using 
transcriptomics/ proteomics  
 

Task 2.1 



Early immune events  
supporting persistence 

• FMD replication 
• Confocal 
• Transcriptomics 
• Secretome 
• Targeted cytokines 

 

  Hypotheses  
• Soft palate epithelial cells (SP) and alveolar pneumocytes (AP) respond 

differently to FMDV infection (reflected by persistence in SP but not AP in cattle) 
• FMDV infect but do not replicate in alveolar macrophages (rMФ)  
• Interactions between NK or monocytes and FMD infected SP and AP differ and 

explain the persistence  
 

 
Method  

Task 2.1 

Task 2. 

FMDV serotype O strain 
O/FRA/1/2001 

Infection of SP, AP & rMF 

Monocyte NK cell 



Soft palate post mortem x40                                                  x10                   



Bovine primary lung cells   
(40X zoom x2) 
 
Integrin αVβ6 (red) 
Vimentin (green)   

Bovine primary soft palate cells (40X 
zoom x1) 
 
Integrin αVβ6 (red) 
Cytokeratin (green)   

Confocal immunostaining for one FMDV receptor (in red) 



Soft palate in vitro in air x60                   x100 



Soft palate in vitro in air x40                   x60 



 
 

Depending on success/finance: Targeted analysis (RTqPCR/ELISA) of differing gene 
exp./ secreted proteins for verification in sheep 

 Characterise early response to FMDV infection in SP, AP and rMF 
 Compare with persistently infected SP 
 Confirm changes in virus genome in acute vs. persistent infection (Task 2.2) 

• SP and AP from 3 cattle, same breed 
• 3 early time points (e.g. 12h/24h/48h) 
• 1 late time point (4w) 
• Triplicate samples from each point 
 
 
 
 

1) Early infected SP vs. 
uninfected SP 
 

2) Early infected AP vs. 
uninfected AP 
 

3) Persistently infected SP 
vs. 4w old uninfected SP 

 

Experimental design and analyses Task 2.1 
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